Objectives This study sought to compare the efficacy of passive stent coating with titanium-nitride-oxide (TiNO) with drug-eluting stents releasing zotarolimus (ZES) (Endeavor, Medtronic, Minneapolis, Minnesota).
Early generation drug-eluting stents (DES) have successfully addressed the problem of restenosis inherent to baremetal stents but have been associated with an increased risk of very late stent thrombosis (1) (2) (3) (4) (5) . Efforts to resolve the problem of very late stent thrombosis include newer generation DES with drug release from more biocompatible polymers and passive stent coatings, which mitigate the proinflammatory and thrombotic response to stent-mediated arterial injury in the absence of drug release (6) (7) (8) (9) . The newer generation Endeavor stent (Medtronic, Minneapolis, Minnesota) releases zotarolimus, a sirolimus analog, from the biocompatible phosphorylcholine polymer applied to a cobalt chromium alloy, thin-strut stent surface (10) . Although angiographic studies revealed a somewhat higher late loss with zotarolimus-eluting stents (ZES) than the Taxus paclitaxel-eluting stent (Boston Scientific, Natick, Massachusetts), ZES showed similar clinical efficacy as paclitaxel-eluting stents in the large-scale ENDEAVOR IV (Randomized, Controlled Trial of the Medtronic Endeavor Drug-Eluting Coronary Stent System Versus the Taxus Paclitaxel-Eluting Coronary Stent System in De Novo Native Coronary Artery Lesions) and ZEST (Comparison of the Efficacy and Safety of Zotarolimus-Eluting Stent With Sirolimus-Eluting and Paclitaxel-Eluting Stent for Coronary Lesions) trials (7, 11, 12) . During long-term follow-up, the incidence of very late stent thrombosis was exceedingly low and significantly lower than with paclitaxeleluting stents (13) .
Passive stent coating with titanium-nitride-oxide (TiNO) has been shown to diminish platelet adhesion and fibrinogen binding in vitro and to reduce neointimal hyperplasia in the porcine restenosis model (14) . Moreover, TiNO was found to be superior in terms of late loss, restenosis, and target lesion revascularization (TLR) compared with baremetal stents in a randomized clinical trial (9) . We therefore hypothesized that passive stent coating with TiNO would provide similar efficacy in terms of neointimal hyperplasia suppression as a DES releasing zotarolimus. The present study was designed to compare the angiographic outcome between TiNO-coated stents (Titan2 stent, Hexacath, Rueil-Malmaison, France) and ZES (Endeavor) in a randomized, assessor-blind, noninferiority trial.
Methods

Patient population.
Patients who were at least 18 years of age with stable or unstable angina pectoris or non-STsegment elevation myocardial infarction and signs of myocardial ischemia were eligible if they had at least 1 lesion with a diameter stenosis of 50% or more that was suitable for coronary stent implantation in a vessel with a reference vessel diameter ranging from 2.25 to 4.0 mm. The following exclusion criteria were applied: patients unable to provide informed consent; participation in another trial before reaching the primary endpoint; and patients with known intolerance to aspirin, clopidogrel, heparin, stainless steel, titanium, zotarolimus, or contrast material. The study complied with the Declaration of Helsinki and was approved by the institutional review boards of all participating institutions. Written informed consent was obtained from all patients. The study was an investigator-initiated study and there was no industry involvement in the design, conduct, financial support, or analysis of the study. Study design and procedures. The study was a randomized assessor-blind, noninferiority trial performed in 3 institutions in Switzerland. Randomization was performed after diagnostic angiography and before percutaneous coronary intervention. Sequentially numbered, sealed, opaque, tamper-proof security envelopes (Envelock Safety Envelopes, Plasto-Sac Ltd., Yavne, Israel) were used, which were independently monitored by an academic clinical trials unit. The allocation schedule was based on computer-generated random numbers, stratified according to trial center and catheter laboratory, and blocked, with block sizes of 2, 4, and 6 varying randomly. Patients were assigned on a 1:1 basis to treatment with a TiNOcoated stent (Titan 2) or ZES (Endeavor).
TiNO-coated stents were available in diameters of 2.25 to 4.0 mm and in lengths of 7 to 28 mm. ZES were available in diameters of 2.25 to 4.0 mm and in lengths of 8 to 30 mm. Balloon angioplasty and coronary stent implantation were performed using standard techniques; direct stenting was allowed and performed at the discretion of the investigator. Full lesion coverage was attempted by implanting 1 or several stents. Crossover to a nonstudy stent was allowed to complete the procedure successfully, in the event that the assigned study stent could not be implanted. In case more than 1 lesion was treated in a given patient in the same session or in a staged procedure during the index hospitalization, the remaining lesions were still treated with the originally assigned study stent.
All patients were treated with at least 100 mg of acetylsalicylic acid and 300 to 600 mg of clopidogrel bisulfate before or at the time of the procedure. During percutaneous coronary intervention, unfractionated heparin in a dose of at least 5,000 IU or 70 to 100 IU/kg was administered to maintain an activated clotting time Ͼ250 s. The use of glycoprotein IIb/IIIa antagonists was left to the discretion of the operator. Creatine kinase (CK), CK-myocardial band, and troponin were assessed 6 h after the procedure and either at 18 h after the procedure or at hospital discharge, whichever came first. A 12-lead electrocardiogram was obtained before and within 24 h after the procedure or for any suspicion of acute ischemia. In case of elevated cardiac enzymes after the procedure, CK, CK-myocardial band, and troponin measurements were continued every 8 h until the peak of the biomarkers had been conclusively defined. All patients were discharged on acetylsalicylic acid 100 mg daily indefinitely and clopidogrel bisulfate 75 mg daily for an intended duration of 3 months. Quantitative coronary angiography. Coronary angiograms were digitally recorded at baseline, immediately after the procedure, and at follow-up and were assessed at the angiographic core laboratory of Bern University Hospital. Readers of angiograms were blinded to the assigned study stent. The projections that best showed the stenosis were used for all analyses. Measurements were performed on the cineangiograms after maximum vasodilation with nitroglycerin and the contrast-filled, nontapered catheter tip was used for calibration (Ն6-F guiding catheter). Digital angiograms were analyzed with the help of an automated edgedetection system (QAngio XA, Version 7/1/14.Zero, Medis Medical Imaging Systems, Leiden, the Netherlands). Quantitative measurements included the diameter of the reference vessel, the minimal luminal diameter, percent diameter stenosis (difference between reference vessel diameter and minimal luminal diameter/reference diameter ϫ 100), and late lumen loss (difference between minimal lumen diameter after the procedure and minimal lumen diameter at followup). Binary restenosis was defined as stenosis of 50% or greater of the minimal lumen diameter in the target lesion at angiographic follow-up. All angiographic measurements of the target lesion were obtained in the stented area, within the margins 5 mm proximal and distal to each stent edge (in-stent), and over the entire segment (in-segment).
Study endpoints and definitions. Adverse events were assessed at 1, 6, and 12 months. All patients were asked to return for an angiographic follow-up study at 6 to 8 months. An independent clinical event committee whose members Values are mean Ϯ SD or n (%).
CI ϭ confidence interval; other abbreviations as in Table 1 . The definition of cardiac death included any death due to immediate cardiac cause (e.g., myocardial infarction, lowoutput failure, fatal arrhythmia); procedure-related deaths, including those related to concomitant treatment; unwitnessed death; and death of unknown cause. Myocardial infarction was defined using the electrocardiographic criteria of the Minnesota Code Manual, or as an elevation of CK levels to more than 2 times the upper limit of normal with positive levels of CK-myocardial band or troponin. TLR was defined as any repeat PCI within the stent or within the 5-mm borders adjacent to the stent, or bypass surgery of the target vessel. Revascularization of the target lesion and vessel was regarded as clinically indicated if the stenosis on any target lesion or vessel was at least 50% of the diameter of the vessel on the basis of quantitative coronary angiography in the presence of recurrent angina or objective signs of ischemia, or if the stenosis was at least 70% of the diameter of the vessel even in the absence of ischemic signs and symptoms. Stent thrombosis was defined according to the Academic Research Consortium definition as definite, probable, or possible (15) . Statistical analysis. This was a noninferiority trial, which was powered for noninferiority on the primary endpoint in-stent late lumen loss at 6 to 8 months. Based on angiographic outcomes reported for the ENDEAVOR II (Randomized Controlled Trial to Evaluate the Safety and Efficacy of the Medtronic AVE ABT-578 Eluting Driver Coronary Stent in De Novo Native Coronary Artery Lesions) trial (11) and the TINOX (Randomized Comparison of a Titanium-Nitride-Oxide-Coated Stent With a Stainless Steel Stent for Coronary Revascularization) study (9), we postulated the following in-stent late lumen loss values: ZES 0.61 Ϯ 0.46 mm; TiNO 0.55 Ϯ 0.63 mm. Assuming a noninferiority margin of 0.15 mm as the acceptable difference between TiNO and ZES to claim TiNO noninferiority to ZES, an average number of 1.5 lesions per patient, a design factor of 1.1 to take into account the correlation of lesions within patients, and a 1-sided type-1 error of 0.05, we estimated that 234 patients (117 patients in each group) will yield Ͼ80% power to detect noninferiority. To account for patients not undergoing repeat angiography 6 to 8 months after the procedure (typically 20% to 25% of the overall patient population), we pre-specified a total enrollment of 300 patients.
Baseline clinical characteristics, pre-procedural, procedural, and follow-up angiographic results (including the primary endpoint in-stent late lumen loss) are reported as mean Ϯ SD for continuous variables and absolute numbers and percentages for categorical variables. For the angio- The cumulative distribution curve of in-stent late loss is shifted to the right for titanium-nitride-oxide (TiNO) relative to zotarolimus-eluting stent (ZES), indicating that neointimal hyperplasia was more effectively reduced with ZES. (B) Cumulative frequency distribution curves of percent in-stent diameter stenosis shown separately for the stent types. There was no difference in measurements before and immediately after the procedure between the 2 stent types. At follow-up angiography, the cumulative distribution curve of percent in-stent diameter stenosis is shifted to the right for TiNO compared with ZES, indicating that in-stent diameter stenosis was more effectively reduced with ZES. TiNO ϭ continuous lines; ZES ϭ dotted lines. N T I O N S , V O L . 4 , N O . 6 , 2 0 1 1   J U N E 2 0 1 1 : 6 7 2 -8 
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graphic results, the differences (including 95% confidence interval [CI] and p value) between the 2 treatment groups were calculated using multilevel mixed-effects linear or logistic models that allowed for correlation of multiple lesions within patients. Stratified analyses were performed for the primary outcome according to the presence or absence of diabetes, lesions located in the left anterior descending artery, multivessel intervention, small vessel disease, long lesions, and age (Ͼ65 years vs. Յ65 years). To determine whether there was an interaction between treatment group and these characteristics, we used a likelihoodratio test. We used the Mantel-Cox model and the corresponding log-rank test for between-group comparison of clinical outcomes occurring up to 1 month, up to 6 months, and up to 1 year. The duration of clopidogrel prescription between both treatment groups was compared using the Wilcoxon rank sum test. All patients who underwent randomization were included in the analysis in the groups to which they were originally allocated to (intention-to-treat principle). Analyses of angiographic outcomes were restricted to lesions from patients who attended follow-up angiography at 6 to 8 months (Ϯ2 months). In a sensitivity analysis, only the first lesion of each patient was analyzed on angiographic outcomes. Analyses were performed by a statistician (A.L.) who was blinded to the allocated treatment. No adjustments were made for multiple comparisons in secondary analyses; all p values and 95% CI are 2-sided.
All analyses were done in Stata (version 11.0, StataCorp, College Station, Texas). Figure 1 summarizes the trial profile and patient flow (16 Table 1 and are similar in both groups. Procedural characteristics including number of treated lesions, the distribution of lesion location, and rate of direct stenting, as well as lesion and stent length were similar among patients treated with TiNO and ZES (Table 2 ). More stents per lesion were implanted in the TiNO group than in the ZES group (1.3 vs. 1.2; p ϭ 0.03). Implantation of the allocated study stent occurred with similar frequency in both groups (96.5% vs. 98.7%; p ϭ 0.16). Device and lesion success were comparable for the 2 devices as were the angiographic lesion measurements before and after stent implantation ( The TiNO group failed to reach the pre-specified noninferiority margin (difference: 0.16, upper 1-sided 95% CI: 0.26; p noninferiority ϭ 0.54) ( Table 3 ). In-stent late loss was significantly lower with ZES than TiNO (0.47 Ϯ 0.48 mm vs. 0.64 Ϯ 0.61 mm; p superiority ϭ 0.02). In-segment late loss was also lower with ZES than TiNO (0.36 Ϯ 0.44 mm vs. 0.48 Ϯ 0.55 mm; p superiority ϭ 0.04). Consistent results in favor of ZES were observed for measurements of in-stent and in-segment minimal lumen diameter and percent diameter stenosis. As a result, a significant reduction of in-segment binary restenosis was observed with ZES versus TiNO groups (11.1% vs. 20.5%; p superiority ϭ 0.04). The cumulative distribution of in-stent late lumen loss for the 2 stent groups is shown in Figure 2A . The cumulative frequencies of in-stent percent diameter stenosis for the 2 stent groups before and after the procedure, and at follow-up angiography are shown in Figure 2B . Figure 3 shows the results of stratified analyses of the primary endpoint. Results were consistent among patients with or without lesions located in the left anterior descending artery, multivessel intervention, and long lesions. Conversely, differences between TiNO and ZES appeared more pronounced among diabetic compared with nondiabetic patients, patients with or without small vessel disease, and patients aged below or above 65 years. However, a p value for interaction reached conventional At 30 days, adverse events were rare, and there were no differences with respect to ischemic and revascularization endpoints among patients randomized to TiNO or ZES (Table 4) . At 6 months, revascularization procedures by any definition (clinically indicated TLR, any TLR, clinically indicated target vessel revascularization, any target vessel revascularization, any repeat revascularization procedure) tended to be more common among patients randomized to TiNO than to ZES (Table 4 ). This trend remained sustained up to 1 year, but there were no differences with respect to death, cardiac death, or myocardial infarction. Similarly, major adverse cardiac events-the composite of cardiac death, myocardial infarction. and clinically indicated target vessel revascularization-showed no significant differences between TiNO and ZES up to 1 year (Fig. 4A) . Cumulative incidence curves of clinically indicated TLR began to diverge as early as 4 months after the procedure in favor of ZES (Fig. 4B) . Rates of definite, probable, and possible stent thrombosis during the early and late time periods were low and comparable for both stent types (Table 5) .
Results
Discussion
In this randomized, assessor-blind, noninferiority trial, compared with ZES, passive stent coating with TiNO failed to reach noninferiority for the primary endpoint, in-stent late lumen loss. The zotarolimus-eluting DES was found superior to TiNO in all angiographic measurements including in-segment binary restenosis at 6 to 8 months. Correspondingly, there was a trend toward fewer repeat revascularization procedures.
Restenosis following percutaneous coronary interventions is the result of a vasculo-proliferative cascade in response to stent-mediated arterial injury (17) . Several concepts have been put forward to attenuate neointimal hyperplasia in response to iatrogenic arterial injury associated with stent implantation. Changes in stent strut configuration, thickness, and geometry, as well as primary stent implantation aim to reduce arterial injury and thereby the extent of neointimal hyperplasia (18 -20) . Passive stent coatings attempt to mitigate the proinflammatory and thrombotic response to stent-mediated arterial injury and, thereby, the impact on the vasculo-proliferative response (14) . Finally, active stent coatings with release of antiproliferative drugs or radioactivity directly inhibit smooth muscle cell proliferation and migration, as well as extracellular matrix formation to minimize neointimal hyperplasia (21, 22) .
The latter concept has proved successful in the form of early generation DES with important reductions in the need for repeat revascularization procedures compared with baremetal stents (1,2) . However, the problem of very late stent thrombosis emerged as a distinct entity particularly among more complex patient and lesion subsets (5) . To overcome this limitation, newer generation DES have been developed with thinner struts, more biocompatible polymers, and lower drug concentrations, such as the ZES used in the present study. Passive stent coating with TiNO is an alternative concept. Titanium has improved biocompatibility compared with stainless steel as well as cobalt chromium alloys, owing to higher corrosion resistance and less tissue reactivity. Moreover, TiNO-coated stents resulted in less neointimal hyperplasia in a porcine restenosis model and were superior in terms of restenosis and repeat revascularization in a small randomized clinical study (9, 14) . N T I O N S , V O L . 4 , N O . 6 , 2 0 1 1   J U N E 2 0 1 1 : 6 7 2 -8 2 Pilgrim et al.
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TiNO-Coated Stents Versus ZES for Coronary Revascularization
However, the results of the present study indicate that passive stent coating with TiNO remains inferior to current DES technology in reducing late loss and binary restenosis. Compared with previously published data on angiographic outcomes, late loss was lower with ZES in the present study than that observed in the ENDEAVOR trials (ENDEAVOR I [First-in-human study of the Endeavor ABT-578-eluting phosphorylcholine-encapsulated stents system in de novo native coronary artery lesions] (10) [7] : 0.67 Ϯ 0.49 mm). However, CIs overlap widely, indicating that the present results are compatible with previous reports. When restricting the analysis to patients with only 1 lesion, mean late loss was somewhat higher and amounted to 0.56 Ϯ 0.54 mm and 0.67 Ϯ 0.57 mm in ZES and TiNO, respectively. We noted heterogeneity of results for the primary endpoint according to diabetic status. Thus, the difference in late loss between TiNO (0.90 Ϯ 0.69 mm) and ZES (0.39 Ϯ 0.38 mm; p ϭ 0.001) was particularly pronounced among diabetic patients, and a test for interaction reached conventional levels of significance. Diabetic patients are at increased risk of restenosis, and DES have been found particularly effective in this high-risk cohort (25) . The differences between passive stent coating using TiNO and DES were more accentuated in diabetic patients in the present study, and therefore, DES remain first-line therapy in this patient population. Differences between the 2 stent platforms were also more pronounced among patients with small vessels and the elderly (age Ͼ65 years) favoring ZES. However, a test for interaction failed to reach significance and the findings, therefore, may reflect the play of chance. Study limitations. The present study was designed for an angiographic endpoint and, therefore, is too small to qualify as a clinical endpoint study. Although late loss was significantly lower with ZES than TiNO, clinical outcomes through 1 year showed similar results in terms of major adverse cardiac events for both stent platforms, and differences in revascularization procedures were likely driven by protocol-mandated angiographic follow-up. Another limitation is the lack of longer-term clinical and angiographic follow-up beyond 1 year. It cannot be excluded that the 2 stent platforms have a differential impact on long-term vessel remodeling. Thus, longitudinal angiographic follow-up series of patients treated with bare-metal stents suggest late improvements in lumen diameter beyond the early period of neointimal proliferation, whereas a late catch-up phenomenon has been observed with early generation DES (26) . Notwithstanding, ZES represents a newer generation DES, and long-term clinical follow-up indicates low rates of repeat revascularization up to 3 years (13) . Finally, the overall number of patients studied with TiNO is rather small, and therefore, the available evidence is limited as compared to that for established DES platforms. 
